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Candidates for non-baryonic dark matter 
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This report is a brief review of tlie efforts to explain the nature of non-baryonic dark matter and of the studies 
devoted to the search for relic particles. Among the different dark matter candidates, special attention is devoted 
to relic neutralinos, by giving an overview of the recent calculations of its relic abundance and detection rates in 
a wide variety of supersymmetric schemes. 
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1. Evidence of darkness 

The presence of large amounts of non-luminous 
components in the Universe has been identified 
along the years by different means and on differ- 
ent scales: on the galactic scale, the flatness of 
the rotational curves of many galaxies indicates a 
dark component which is presumably distributed 
as a halo around the galaxies clusters points 
toward a sizeable contribution of unseen matter 
distributed around and between galaxies ; more 
recently, on cosmological scales, the combination 
of the results on high-redshift supernovae jsj and 
on the anisotropics of the cosmic microwave back- 
ground radiation jij is pointing toward a flat Uni- 
verse whose energy density is dominated by a 
dark vacuum component (cosmological constant, 
quintessence) together with a sizeable dark com- 
ponent of matter. In terms of the density param- 
eter ri, the current view can be summarized as 
follows H: the total amount of matter/energy of 



the Universe is fltnt — 1.02±: 



0.06 
0.05' 



and this is com- 
= 0.31±[J:}^ and 



posed of a matter component Qm 
a vacuum-energy component SIa = 0.71 ± 0.11. 
Even though the actual numbers vary a little de- 
pending on the priors of the statistical analyses, 
the clear indication of the latest data is that the 
Universe is strongly dominated by dark (and un- 
known) components. In fact the numbers above 
cannot be reconciled with a Universe made only 
of standard components: from primordial nucle- 
osynthesis studies, baryons can contribute only at 
the level of 17b = 0.037±0.011 i], while luminous 



matter is known to provide only a contribution of 
order fiium ~ 0.003 0. We are therefore facing 
the presence of at least three dark components in 
the Universe: dark baryons, dark non-baryonic 
matter and dark energy. The existence of both 
dark (relativistic or non-relativistic) exotic mat- 
ter and dark energy asks for extension of the stan- 
dard model of fundamental interactions, since no 
known particle or field can explain either of these 
components. 

In this review, we will discuss the current status 
of the non-baryonic dark matter problem. For re- 
views on dark baryons and dark energy, see Refs. 
1^,^. We will discuss the efforts to explain the 
amount of dark matter in the Universe, which we 
summarize as: 



0.05 < 17m^ < 0.3 



(1) 



and the studies related to the searches for dark 
matter particles. 

2. Particle candidates to dark matter 

Dark matter candidates must be looked for in 
schemes beyond the standard model. The inter- 
esting feature of many of these models is that 
they are extensions whose primary motivation is 
not related to dark matter: in spite of this, they 
contain particles which have the right properties 
to act as dark matter. This is especially true for 
supersymmetric theories, which are the ones with 
richer phenomenology for dark matter, but inter- 
esting candidates may also be found in theories 
which do not involve supersymmetry. 
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Among the non-supersymmetric candidates, 
the massive neutrino and the axion are the most 
direct possibilities. 

A hght massive neutrino represents the sim- 
plest extension of the standard model. The re- 
cent results on the atmospheric and solar 
||ll| , |l2[| anomalies strongly indicate that neutrinos 
do possess a mass: a consequence of this is that 
neutrinos could also compose at least a fraction 
of dark matter. From the atmospheric neutrino 
analyses we deduce that neutrinos can pro- 
vide n^h^ > 6 • 10~^, but very likely they cannot 
contribute more than ftiih^ 0.05 in order not to 
spoil the process of structure formation. There- 
fore, a massive neutrino can only be (and very 
likely is) present as a sub-dominant dark mat- 
ter component. Although less economic from the 
point of view of particle physics, it is also possible 
to have very massive neutrinos (m^ > 100 GeV) 
which again would contribute only partially, at 
the level of fl^h^ ~ IQ-^-lQ-^ Sterile neu- 
trinos with masses in the keV range and mixing 
angles of the order of 10"^" rad may play a role, 
since they may provide Q„h'^ ~ 0.1 - 0.2 pi) , 
and therefore explain the dark matter amount of 
Eq.®. 

Axions arise in models where the strong CP 
problem is solved by the Peccei-Quinn mecha- 
nism. They may be produced in the early Uni- 
verse by means of different mechanisms, either 
thermally or non-thermally (misalignment of the 
axionic field, decay of axionic strings) The 
current limits | [T^ from axion searches and cos- 
mology constrain this particle to have either a 
mass around 10 eV or in the mass range 10~^- 
10~^ eV. In both cases, axions can solve the dark 
matter problem stated in Eq.(|l]), but they can 
also be a sub-dominant component. 

Supersymmetry with conserved R-parity offers 
a wide variety of dark matter candidates. The na- 
ture of the relic particle depends somehow on the 
way supersymmetry is broken. Gravity-mediated 
models predict as dark matter particle either 
the neutralino or the sneutrino ||l7[] . The neu- 
tralino may be the dark matter candidate also in 
anomaly-mediated models. In gauge mediated- 
models the role of dark matter may be played 



by the gravitino |l8| or by messenger fields |is[| . 
In supersymmetric models where the strong CP 
problem is solved by the axion, its supersymmet- 
ric partner, the axino |po| is also present and can 
act as dark matter. Other possibilities that have 
been proposed are stable non-topological soli- 
tons, like the Q-halls ||2l|] , or heavy non-thermal 
relics The most interesting candidate, and 

the one which has been more deeply investigated, 
is the neutralino, and in the following Sections 
we will concentrate our discussion on this parti- 
cle. For the other supersymmetric candidates, we 
refer to the quoted references and the references 
quoted therein. 

Finally, among other candidates which have 
been proposed, not necessarily related to super- 
symmetry, we finally recall mirror particles | |2^ 
or some type of scalar fields . 

From the above discussion on particle dark 
matter candidates, a fact clearly arises: non- 
baryonic dark matter may naturally be multi- 
component. An example of this occurs, for in- 
stance, in models where the CP problem is solved 
by the axion and the hierarchy problem is ex- 
plained by low-energy supersymmetry. In this 
case, the axion and the axino or the neutralino 
are all dark matter components, plus the massive 
neutrino which nowadays appears to be an un- 
avoidable dark matter component. Which one 
would turn out to be the dominant candidate 
would depend on the characteristics of the specific 
model which one can build. But the possibility of 
multi-component dark matter is interesting, be- 
cause the detectability of a specific candidate is 
not in general related to the fact that this particle 
is the dominant component of dark matter. Usu- 
ally, at least for candidates like the neutralino in 
standard cosmology, it turns out that it is easier 
to detect a relic particle which is sub-dominant 
p5[ |. This is related to the fact that detection 
rates rely on the cross sections of the processes of 
scattering or annihilation, while on the contrary 
the relic abundance is inversely proportional to 
the annihilation cross section. This roughly in- 
duces an anti-correlation between detection rates 
and cosmological abundance: therefore large de- 
tection rates are often related to low relic abun- 
dances. It is not trivial to have a relic particle 



3 



which is at the same time a dominant dark matter 
component and potentially detectable. Clearly 
this last situation is the most appealing one. 

As for the most studied candidate which is the 
neutralino, in the following it will be shown that 
this situation can occur in suitable classes of su- 
persymmetric models. This is one of the proper- 
ties that makes the neutralino a very appealing 
candidate. 

3. Supersymmetry and dark matter: the 
neutralino 

The existence of a relic particle in supersym- 
metric theories arises from the conservation of a 
symmetry, i?-parity, which prevents the lightest 
of all the superpartners from decaying. The na- 
ture and the properties of this particle depend on 
the way supersymmetry is broken, and we have 
already seen that the neutralino can be the dark 
matter candidate in models where supersymme- 
try is broken through gravity- (or anomaly-) me- 
diated mechanisms. The actual implementation 
of a specific supersymmetric scheme depends on 
a number of assumptions on the structure of the 
model and on the relations among its param- 
eters. This induces a large variability of the 
phenomenology of neutralino dark matter. In 
this Section we briefly recall the supersymmetric 
models which have been mostly studied for neu- 
tralino dark matter, while in the next Sections we 
will give a few examples of calculations of relic 
abundance and detection rates in some of these 
schemes. For details concerning the models and 
their implementations for neutralino dark matter 
calculations, we refer to the list of references pro- 
vided below and references quoted therein. 

The simplest and most direct implementation 
of supersymmetry is represented by the minimal 
supergravity (mSUGRA) scheme [p6|-p^, where, 
in addition to requiring gauge coupling constant 
unification at the GUT scale, also all the mass pa- 
rameters in the supersymmetric breaking sector 
are universal at the same GUT scale. The low- 
energy sector of the model is obtained by evolv- 
ing all the parameters through renormalization 
group equations (RGB): this process also induces 
the breaking of the electroweak (EW) symmetry 



in a radiative way (rEWSB). This model is very 
predictive, since it relies only on four free param- 
eters, but at the same time it induces a very con- 
strained phenomenology at low-energy. It also 
appears to be quite sensitive to some standard 
model parameters, like the mass of the top and 
bottom quarks (m^ and mi,) and the strong cou- 
pling constant a^. 

A more relaxed implementation of this super- 
symmetric scheme is offered by non-universal 
supergravity (nuSUGRA) [|6|-|^,||j4l]g|-|4| , 
where some of the unification conditions at the 
GUT scale are relaxed: non-universality has been 
studied in the Higgs, in the sfermion and in the 
gaugino sectors. 

Specific patterns of non-universality may be 
originated through mechanisms which involve ef- 
fects of extra-dimensions, like in D~brane p6| , ^ , 
p9[ and string models |^ . These models also may 
be very predictive, with very few free parameters, 
but the relations among them is different from 
what is postulated in mSUGRA models. 

It has also been realized that unification condi- 
tions, both for gauge couplings and/or mass pa- 
rameters, may occur at scales which are different 
from the standard GUT scale at about 10^^ GeV. 
This unification scale may be lower than the usual 
GUT scale (intermediate unification scale models) 
||5C| , |5l| , and this induces a modification of neu- 
tralino phenomenology at low energy. 

A different approach is offered by the low- 
energy supersymmetric model (effMSSM) p5| , p9| , 
|0|j3|j5|-|7^, defined directly at the EW scale, 
which is where the phenomenology of neutralino 
dark matter is actually studied. Also in this case 
we have to make assumptions in order to reduce 
the number of free parameters to a manageable 
number. These assumptions must be mild enough 
not to represent an arbitrary over-constraint on 
the model, and all the relevant parameters at the 
EW scale must be represented. It is possible in 
this case to work with six or seven free parame- 
ters. 

Other models which have been discussed in 
the literature in connection with neutralino dark 
matter are dilaton domination models |7l| , mod- 
els with CP-violation f!% and anomaly mediated 
models [fZSf. 
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The parameter space of all the models is con- 
strained by a number of relevant experimen- 
tal bounds which mostly come from accelerator 
physics. Negative searches of supersymmetry at 
LEP and Tevatron are currently con- 
straining charginos to be heavier than about 105 
GeV and sleptons and squarks to be heavier than 
90-100 GeV. The bounds from LEP on the Hght- 
est supersymmetric Higgs boson h indicate that 
its mass is larger than 90 GeV for small coupling 
of h with 6-quarks, while for intermediate and 
large values of this coupling the bound on the 
mass is about 114 GeV [Q. Tevatron further 
constrains the mass of h in some sectors of the 
supersymmetric parameter space (namely, large 
values of tan /3, the ratio of the vev's of the two 
neutral higgses) |^^. Finally, an important con- 
straint for all supersymmetric models comes from 
the measured values of the branching ratio of the 
radiative decay 5 ^ s + 7, which, in addition to 
the standard model terms, can get sizeable contri- 
butions from supersymmetric loops Notice 
that the requirement that the neutralino is a dark 
matter particle, implies that also cosmology im- 
poses a limit on supersymmetric models: in fact, 
the relic abundance of neutralinos, which can 
be calculated in a given supersymmetric scheme, 
cannot exceed the upper limit of Eq.(|^). 

At present, there is no direct indication that 
supersymmetry has been found in Nature. How- 
ever, we just want to mention a few recent results 
which have been considered as possible hints of 
supersymmetry. The first is the excess of signal- 
like events in the Higgs searches at LEP: an ef- 
fect of about 2-(T for a Higgs mass around 115 
GeV has been reported |7^] . This light higgs may 
be interpreted as indicative of a supersymmetric 
higgs. Another indication for physics beyond the 
standard model comes from a global fit to the 
precision electroweak data: the analysis shows 
that the standard model is acceptable with a low 
(around 4%) confidence level |^^. The agreement 
with the data improves considerably if low-energy 
supersymmetry is included in the analysis [t^ ]. 

In the last year another anomaly raised a lot of 
attention: a possible deviation between the cal- 
culated and the measured value of the anomalous 
magnetic moment of the muon. However, recent 
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Figure 1. Neutralino relic abundance in a 
mSUGRA scheme, for tan/3 — 50 and nit — 175 
GeV |3^. Inside the dark (green and blue) bands: 
0.1 < n^h'^ < 0.3. 



theoretical re-evaluations have shown that the 



evidence of deviation is very weak 1 79 1 , and there- 
fore instead of indicating a possible presence of 
supersymmetry, the results on the muon anoma- 
lous magnetic moment should be regarded as im- 
posing bounds on the supersymmetric parameter 
space, as is the case for 6 s -f 7. 

4. Neutralino relic abundance 

Neutralino relic abundance, like also neutralino 
detection rates, is sensitive to the specific super- 
symmetric model which is employed. In fig. |l| 
we show an example, taken from Ref . ||32|, which 
refers to a mSUGRA scheme |2^||,|gF||,||,|3 
in the large tan f3 regime. The regions of the pa- 
rameter space shown in the figure as dark (blue 
and green) bands entail a relic neutralino with 
relic abundance in the range 0.1 < Jl^/i^ < 0.3. 
Therefore, in that sector of the parameter space 
the neutralino represents the dominant dark mat- 
ter component since it is able to fulfill the cos- 
mological requirement of Eq.(^. Instead, in 
the region which is between the thick and the 
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thin (blue) bands, neutralino relic abundance is 
smaller than 0.1, and in a part of this region 
it falls below the lower limit of Eq.(||): in this 
last case, neutralino cannot account for all the 
dark matter in the Universe. On the contrary, 
in the other two large white regions of fig. 1, 
n^h'^ > 0.3: these regions of the mSUGRA pa- 
rameter space have to be considered as excluded 
by the requirement that neutralino relic abun- 
dance does not get in conflict with the experimen- 
tal determination of the amount of dark matter 
in the Universe. In the same parameter space of 
fig. 1, another region has been identified where 
fly.h'^ can fall in the range of Eq.(|l|): this can oc- 
cur at large mo/mi/2 p^ , p^ , a region which has 
been also called as "focus point model" (mo is the 
common soft scalar mass parameter at the GUT 
scale and mi/2 is the common gaugino mass at 
the GUT scale). 

The situation shown if Fig.l can change sub- 
stantially if one explores other sectors of the 
mSUGRA parameter space, like for instance 
small values of tan /3, where the region in which 
neutralino is the dominant component is quite 
constrained to values of toq and mi/2 which do 
not exceed a few hundreds of GeV, except in very 
narrow corridors where coannihilation between 
neutralinos and staus occur p2| . 

It has to be noticed that mSUGRA models 
turn out to be somewhat sensitive to the stan- 
dard model parameters TOj, nib and as and to the 
details of radiative effects (radiative corrections, 
radiative electroweak symmetry breaking). It is 
therefore difficult to derive definite conclusions on 
which are the intervals of the mSUGRA parame- 
ters where neutralino is a dominant dark matter 
component (except for small values of tan /3) . 

The effects of non-universality [|6|j28|j3^,^,||, 
p6t affect the low-energy sector of the theory 
through changes in the RGE and in the occur- 
rence of rEWSB. This has the effect of modifying 
neutralino couplings and the mass spectrum of 
supersymmetric particles, with the consequence 
of modifying neutralino relic abundance and the 
cosmologically relevant regions in the nuSUGRA 
parameter space. Quite relaxed relic abundance 
regions are also obtained in the low-energy re- 
alization of supersymmetry, the effMSSM P5|,p0|, 



5. Relic neutralino searches 

Neutralino relic particles can be searched for by 
means of different techniques. Basically, the de- 
tection methods are of two types: direct detection, 
which relies on the possibility to directly measure 
the interaction of neutralinos with a detector in 
the laboratory, or indirect detection, which tries 
to identify products of neutralino annihilation. 

Dark matter particles are supposed to be 
bounded to the Galaxy, since they are part of the 
dark halo which is responsible for the observed 
flatness of the rotational curves. Therefore the 
best place to look for relic neutralinos is the halo 
of our Galaxy. The dynamics and distribution of 
these particles are described by a matter- and a 
velocity- distribution function, about which there 
are still large uncertainties. 

The distribution in space of these bounded dark 
particles can be smooth and non-singular at the 
galactic center, but numerical simulations tend to 
indicate a cuspy behaviour toward the center of 
the Galaxy as well as a clumpy distribution of 
dark matter in the halo. Detection rates which 
depend on annihilation processes which occur in 
the galactic halo are therefore strongly affected 
by this uncertainty in the matter distribution. 
On the contrary, detection rates which rely on lo- 
cal properties, like direct detection, are not very 
much sensitive on how dark matter is distributed 
in the halo. In this case, the relevant parameter is 
the total local dark matter density pi = (0.2-^0.7) 



GcV cm ^ |29|. Neutralinos can account for all 



or part of this amount, depending whether they 
are or not the dominant dark matter component. 
Therefore, the local neutralino matter density is: 
Px = iPh where ^ < 1 [||. 

The velocity distribution of dark matter parti- 
cles in the halo is even more uncertain than the 
matter distribution, since it is difficult to con- 
strain the way these dark particles move in the 
halo. The usual assumption is to consider an 
isotropic Maxwell-Boltzmann (MB) distribution, 
as seen in the galactic rest frame. The relevant 
parameters in this case are only two: the local ro- 
tational velocity va = (220 ± 50) km s^^ and the 
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escape velocity i^osc — (450 650) km s^-^ (54). 
However, the velocity distribution can be quite 
different from the simple MB form: it can still 
be isotropic but non-maxwellian, as well as non- 
isotropic. Moreover, the halo can be affected by 
some amount of rotation. The way dark matter 
particles behave in velocity space affects mostly 
direct detection, which relies on the energy trans- 
fered from the dark matter particles to a detector. 

Proposals of looking for extra-galactic neu- 
tralino dark matter have also been put forward. 
One possibility is to look for energetic gamma 
rays from neutralino annihilation in dense ex- 
tragalactic systems, like M87 and local dwarfs 
spheroidal galaxies in order to have po- 

tentially detectable signals, dumpiness is needed. 
Another possibility is the direct detection of dark 
matter particles coming from outside our Galaxy 
|70| : these particles have a much lower flux than 
galactic neutralinos, but they posses some typical 
features, like an essentially unique velocity and 
very few flight directions, which can help in dis- 
criminating the extra-galactic particles from the 
ones bounded to the Galaxy. 

5.1. Direct detection 

Direct detection relies on the scattering of 
dark matter particles off the nuclei of a low- 
background detector. This method is sensitive 
to the local properties of the neutralinos in the 
halo, i.e. its local abundance and its lo- 
cal velocity distribution, and depends on the 
neutralino-nucleus scattering cross section, which 
is usually dominated by the coherent interaction. 
The detection rate is proportional to the product 

[p-^ X Cgcaiar °'^''] ^^^y given velocity distribu- 
tion | p9| . The experimental results on direct de- 
tection are reviewed in Ref. (S^]. We only recall 
that the current sensitivity of direct detection ex- 
periments can be quoted in the following ranges 
for neutralino-nwcZeon cross section and mass: 
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4 ■ 10 ^nbarn < ^ct, 



(nucleoli) 
scalar 



< few • 10 nbarn and 



30 GeV < TOx ^ 200 GeV [g9[. In the above, 
we have considered the uncertainties in the local 
values of the dark matter density and some un- 
certainties in the halo models, discussed in the 
previous Section. We recall that the quantity 
measures the fraction of local dark matter to be 
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Figure 2. Relevant direct detection cross section 
times the fractional amount of neutralino dark 
matter in a mSUGRA scheme, with mj, to;, and 
as fixed at their central values. The (red) crosses 
refer to dominant neutralino dark matter, while 
the (blue) dots refer to sub-dominant neutralinos 
{n^h^ < 0.05). 



ascribed to the neutrahno (C < 1) |§5[. This ex- 
perimental sensitivity of direct detection is shown 
in figs. ||-|| as a closed region. 

The contour which is reported in these figures is 
actually the DAMA/Nal region which is obtained 
when the annual modulation effect observed by 
the DAMA Collaboration is interpreted as due 
to a dark matter particle The presence of 

an annual modulation in the low-energy recoil 
spectrum is in fact a distinctive signature of direct 
detection searches ^2| . 

Figs.^ and || show the comparison between the 
experimental results and the theoretical calcu- 
lations in the mSUGRA scheme. The quantity 
^, which determines whether the neutralino is a 
dominant or sub-dominant component, is calcu- 
lated according to its relic abundance as: ^ = 
min(l, ri^ft,^/0.05) The comparison of the 

two figures shows that in a constrained mSUGRA 
p6|,p8|-|30|,p|,p|J37|-E0pil scheme the calculation 



are very sensitive also to standard model param- 




eters [Q: in fig.|| rrit, mi, and as are fixed at 
their own experimental central values, while in 
fig.^ these quantities are allowed to vary inside 
their 2-a intervals. We also comment that, es- 
pecially in strict mSUGRA models, radiative ef- 
fects are quite critical, especially in the higgs sec- 
tor where light higgses {rrih ~ 90-100 GeV), not 
in conflict with the experimental bounds from 
LEP, can be obtained for large values of tan (3 
|30|j8^ ] and this can induce relatively large values 

for ^o'lcaiar™"^ Also the signaHike LEP 

higgs events may be compatible with interesting 
neutralino dark matter phenomenology for direct 
detection [|o|. 

Non-universal models i6|,E8|-no|,E3|,E8l are nat- 
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at 



urally more relaxed and values of a. 
the level of current sensitivies are more easily 
obtained, both for a dominant and a subdom- 
inant relic neutralino: an example is shown in 
fig.|. Also in D-brane models 48 4£ j5l|, and 
even more easily in the effMSSM [g5|j29|j3g|3|,||, 
^ , |60| , cross sections large enough to be probed 
by direct detection are obtained. Ax example for 
a D-brane model with intermediate unification 
scale is shown in fig.|[ 



The question whether current direct detection 
sensitivities are probing dominant or subdomi- 
nant relic neutralinos may be answered in terms 
of the plot shown if fig.^, which translates directly 
in terms of astrophysical and cosmological quan- 
tities the direct detection results [ ^ , ^9|j5^j5^ , |8^ . 
By considering the current interval of sensitiv- 



ities on the quantity [p^ 



X cr, 



culation of cr, 



(nucleoli) 
scalar 



(nucleon) 
scalar 



], the cal- 



allows us to determine the 



values of which are required for each super- 
symmetric configuration in order to provide a de- 
tectable signal (for details see for instance Ref. 
pg| ] ). Fig.^ shows the calculated values of p^ vs. 
the neutralino relic abundance, for the effMSSM. 
We see that a fraction of supersymmetric mod- 
els overlap with the region of main cosmological 
and astrophysical interest: 0.05 < U^h^ < 0.3 
and 0.2 < ^^/(GeVcm"^) < 0.7. For points in 
this region, the neutralino is the dominant com- 
ponent of dark matter both in the Universe and at 
the galactic level. For points which fall inside the 
band delimited by the slant dot-dashed lines, the 
neutralino would provide only a fraction of the 
cold dark matter both at the level of local den- 
sity and at the level of the average fi, a situation 
which would be possible if the neutralino is not 
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Figure 5. Relevant direct detection cross section 
in a D-brane model with an intermediate unifica- 
tion scale at lO^^ GeV ||. 



the unique cold dark matter particle component. 
On the other hand, configurations above the up- 
per dot-dashed line and below the upper horizon- 
tal solid line would imply a stronger clustering of 
neutralinos in our halo as compared to their av- 
erage distribution in the Universe. This situation 
may be considered unlikely, since in this case neu- 
tralinos could fulfill the experimental range for 
p^, but they would contribute only a small frac- 
tion to the cosmological cold dark matter content. 
Finally, configurations above the upper horizon- 
tal line are incompatible with the upper limit on 
the local density of dark matter in our Galaxy. 

5.2. Indirect detection 

Indirect detection relies on the possibility to 
identify signals which are originated by neutralino 
self-annihilations. There are two basic situations: 
annihilation inside the Earth or the Sun, or an- 
nihilation in the galactic halo. 

The first type of signal, due to neutralino anni- 
hilation taking place in celestial bodies (Earth or 
Sun) where the neutralinos have been gravitation- 
ally captured and accumulated, is a neutrino flux, 
which can be detected in a neutrino telescope 
as a flux of up-going muons [|^,|l],|2|j5|,|5|,|^ . 
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Figure 6. Neutralino local density derived by 

requiring that [/^x'^'Icaiar °"^] level of the 

current experimental sensitivity in direct detec- 
tion, plotted vs. the neutralino relic abundance 
n^h^ in the effMSSM. 



Since the process relevant for accumulation of 
neutralino is capture, which relies on neutralino 
scattering off the nuclei of the Earth and the Sun, 
this detection technique is sensitive only to lo- 
cal properties of the Galaxy, like direct detection. 
In flgs. 7 and 8 we show the flux of upgoing 
muons calculated in the effMSSM for the signal 
coming from the Earth and the Sun, respectively 
p^ . The supersymmetric configurations which 
are shown are only the ones which are currently 
at the level of being explored by direct detection 
and the upper limit on the upgoing muon flux 
from MACRO is shown as a solid line. We can 
see that indirect detection at neutrino telescopes 
is partially competitive with direct detection, al- 
though a large fraction of configurations which 
are explored by direct detection require more sen- 
sitive neutrino telescopes in order to be probed. 

Neutralino annihilations can take place also 
directly in the galactic halo. In this case the 
signals can consist in: a diffuse neutrino flux 
| |65t ; a diffuse gamma-ray flux or a gamma-ray 
line [ |6^ , |63| , |65| ; exotic components in cosmic rays: 
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Figure 8. Flux of upgoing muons from neutralino 
annihilation inside the Sun in the effMSSM 
The horizontal line is the upper bound from 
MACRO. 



positrons |65 6^, antiprotons [ p6| , |65|j6^ and an- 
tideuterium |6^. For this type of signals, global 
properties of the halo are relevant, and therefore 
in this case the matter distribution of neutralinos 
is an important quantity. In particular, the over- 
densities which would be present in a clumpy halo 
have the effect of largely enhancing the predicted 
signals |^,^. Neutrino and gamma fluxes re- 
quire dumpiness to reach detectable levels. Also 
the recent anomaly in the HEAT data on 
positrons may be explained by a signal origi- 
nated by neutralino annihilation if overdensities 
are present in the galactic halo |6^]. On the con- 
trary, antiprotons and antideuterium may be de- 
tectable also in a smooth halo. 

In fig. 9 we show the correlation between the 
antiproton and the antideuterium flux calculated 
in the effMSSM for a smooth halo The ver- 
tical band represents the BESS 95-1-97 measure- 
ment of the antiproton flux. All the points on 
the right of this band have to be considered as 
excluded, since they provide a flux in excess of 
the measurements: this fact shows that the an- 
tiproton signal can be used to constrain the su- 



persymmetric parameter space. At present, there 
are no measurement of an antideuterium compo- 
nent in cosmic rays, but the analysis of Ref. |67| 
shows that the antideuterium signature is quite 
promising and the next generation detectors may 
be able to probe a sizeable fraction of supersym- 
metric configurations. This is shown in fig. 9 by 
the horizontal line, which denotes the reaching 
capability of the AMS detector on a 3-year flight 
on board of the space station. Recently, a detec- 
tor designed specifically to look for antideuterium 
in cosmic rays has been proposed |^6|] . 

Finally, fig. |l^ shows the predicted gamma- 
ray fine flux in the effMSSM for a NEW halo, 
compared with an estimation of the GLAST sen- 
sitivity. 

6. Conclusions 

We have seen that we can identify two main 
issues in particle dark matter studies: i) io ex- 
plain the observed amount of dark matter in the 
Universe (0.05 < ^lyih"^ < 0.3) by finding suit- 
able particle candidates; ii) to detect a relic par- 
ticle. For both of them there appear to be good 
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Figure 9. Flux of antideuterium vs. the flux of 
antiprotons from neutralino annihilation in the 
effMSSM for a smooth halo ||6|l. The vertical 
band is the measurement of BESS95+97. The 
horizontal line denotes the reaching capability of 
AMS on a 3-year flight on board of the space 
station 



prospects of success. 

As for the candidates, there are many pro- 
posed particles which could act as dark matter. 
Some of these candidates turn out to be quite 
natural, like e.g. the massive neutrino, the ax- 
ion or the neutralino. Almost all of the pro- 
posed candidates can play the role of the dom- 
inant dark matter component, although for some 
of them a non-standard cosmology is required. 
An important remark is that, from the particle 
physics point of view, dark matter may naturally 
be multi-component. A multi-component dark 
matter scenario offers opportunity for interesting 
phenomenology not only to the dominant candi- 
date, which would explain the cosmological ob- 
servation on the r^M parameter, but also to the 
sub-dominant candidates, since usually these are 
the ones which are easier to detect. The detec- 
tion of a particle which is a relic from the early 
Universe would be a very important and exciting 
result. 




so 100 ISO 200 2S0 300 



E,[GeV] 

Figure 10. Predicted gamma-ray line flux in 
effMSSM for a NFW halo g]. The sohd hue 
is the estimated GLAST sensitivity. 



As for detection, perspectives are good, both 
for direct and for indirect detection techniques, 
especially for the most interesting and studied 
candidate, the neutralino. The possibility to have 
detectable rates for neutralinos depends on the 
specific supersymmetric model which is consid- 
ered, and quite generally it appears simpler to 
detect a relic neutralino which is a sub-dominant 
dark matter component. Nevertheless, there are 
many supersymmetric schemes where relic neu- 
tralinos can provide enough cosmological abun- 
dance to explain the observed amount of dark 
matter, and at the same time they can have de- 
tection rates large enough to be accessible to di- 
rect, and also to some indirect, detection meth- 
ods. The positive indication of annual modula- 
tion in the detection rate of the DAMA/Nal Col- 
laboration can be interpreted as pointing towards 
a direct detection of a relic massive particle. This 
effect is, at the moment, the most compelling in- 
dication for a particle dark matter signal. When 
interpreted as originated from relic neutralinos, 
the annual modulation effect can be explained in 
a number of realization of supersymmetry. It is 
worth noticing that the presence of a signal from 
dark matter, like the annual modulation effect or 
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signals which could hopefully come in future ex- 



pe ■imcnts, can be very important not only for 



astrophysics and cosmology but also for parti- 
cle physics, since the need to explain the effect 
can help in deriving properties of particle physics 
models and possibly discriminate among different 
realizations, for instance of supersymmetry. 
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